We have calculated the melting curves of germanium and silicon. A model of the group-IV semiconductors was used for which the solid consists of interacting systems of ions, conduction electrons, and covalent bond charges, The liquid state of these elements is metallic, and the model used to describe it consists of interacting systems of ions and conduction electrons. Variational calculations were performed to obtain Gibbs free energies for the solid and liquid states. Three adjustable parameters were necessary to describe the interactions between the various components of the models which are yet insufficiently understood for ab initio treatment. Excellent agreement with experiment was obtained for calculations of the melting curves up to 46 kbar for Ge and 21 kbar for Si. The physical origin of the negative-slope melting curve lies in the relatively open diamond-crystal structure and the covalent bonding which stabilizes this structure. The diamond structure is sufficiently openly packed that the liquid finds it energetically favorable to be more dense than the solid in these materials.
INTRODUCTION
The group-IV semiconductors crystallize in the diamond structure and have the little-understood property that they become more dense on melting.
Since the liquid phase of these materials is more dense but has higher entropy than the solid phase, their melting-temperature-versus-pressure curves have (d) the ion-electron-gas (i. e. , the band-structure energy), the ion-bond-charge, and the electrongas-bond-charge interaction energies, and (e) the phonon kinetic energy and entropy contribution (&S»). Cohen and Bergstresser 0 showed that the valence-electron-ion pseudopotential can be approximated well by a local pseudopotential for Ge and Si. In this work, we use local pseudopotentials to describe the ion-electron-gas and electron-gasbond-charge interactions. We introduce two free parameters, however, into the solid Gibbs free energy through these pseudopotentials: one to describe the long-wavelength limit of the ion-electron pseudopotential, and the second to describe the effective size of the bond charges in the electron-gas-bondcharge pseudopotential.
We determine the phonon frequencies through a variational principle which is approximately self- 
where Zo ", -=(K&o.
We use the harmonic approximation to the ions in a diamond lattice plus a free-electron gas as the reference system for the solid. Since we will use only a one-parameter phonon spectrum, the righthand side of Eq. (5) is the ionion structure factor in the reference system, and cp is the dielectric function described above. We take the effect of finite temperature into account through the temperature dependence of 3(k). We have used the Ashcroft empty-core pseudopotential" for u""": U = U;; + U;e + U)b + U"+ U b + Ubb, (12) where the subscripts i, e, and b refer, respectively, to the ions, electrons, and bond charges.
Since there is no ion-electron interaction in the reference system, (U")o is the potential energy of a free-electron gas (at T = 0 K as discussed above). Then, we can combine this term with the electron kinetic energy to obtain the electxon-gas energy: E»g=E»» In Eqs. (14), (15), and (18)- (21), we have omitted the k=O components of E", E", E, E;"E", and E». These k = 0 Fourier components are separately infinite but have a finite sum which we call Eo: '] , (25) (32) where R» is the equilibrium position of the jth atom in the 1th unit cell, and u» is its instantaneous displacement from equilibrium.
Evaluation u"(r) = -, u"(r) = -, (56) SO=Sh. +S. (57) where the subscripts hc and e refer, respectively, to the hard-core liquid and the electron gas. As in the solid, we can neglect S, and finite-temperature effects in the electron-gas energy, The potential energy for our model is best approximation to F,(T, V, N) (and hence to G,).
We define g in terms of the hard-sphere radius R as q = , 71R-'N/V As described above, we consider the liquid state of these group-IV elements to be a simple metallic liquid Using Eqs. (14), (15), and (60)-(64}together with the expression for S", (k) gives us an expression for U= U;;+ V;, +U".
As for the solid, eg @8 kin + (U88)0 t (56) f,(T, V, N, q)=E",""+E, g+Zb, +E +Eo -TS",, (65) and hence the free energy F,(T, V, N) as described in Eq. (55). 6o) which is still given by Eq. (14). The term (U;,)0 is again the band-structure energy E""which is of the same form as Eq. (15) To find S""we follow the work of Lebowitz et al. ' and obtain S", 8 melting curve. The melting curve was obtained from the intersection of Gibbs-free-energy isotherms for the solid and liquid, giving the melting pressure for the temperature being considered. The slope of the melting curve at each calculated point was determined from the Clausius-Clapeyron equation using the values of S"S"V"andV, produced in the free-energy calculation.
Three variable parameters needed to be chosen in applying the theory discussed above. These were chosen as follows: (i) The parameter n, was chosen to make the theoretical volume match the experimental volume of the liquid at the atmospheric-pressure melting point. (ii) The parameters n, and n, ' (= -, vr', ) were chosen to fit the atmospheric-pressure melting point and the experimental volume of the solid at that point. We used the ' following values in determining these parameters:
For Ge, T =1210 K, V, =143.8 a. u. /ion, and V, = 164. 1 a. u. /ion. For Si, T = 1683 K. VF = 11f. 6 a, . u. /ion, and V, = 138.0 a. u. /ion. Since these parameters completely determine the atmosphericpressure melting point and volumes, the theory determines the slope of the melting curve at atmospheric pressure only through the calculated entropies determined by 8 and g, whose values come from the variational procedure we have followed.
We show the calculated points and slopes for the melting curve of Ge in Fig. 2 , along with the experimental melting curve.
We show the parameters of the melting curve in Table I The separation of the electronic system in the 
